Abstract Acetabular osteolysis associated with socket loosening is one of the main long-term complications of total hip arthroplasty. In case of major bone loss, where <50% host bone coverage can be obtained with a porous-coated cementless cup, it is generally agreed that a metal ring or cage in association with a cemented component and allograft bone should be used. In order to promote allograft bone consolidation and incorporation, we have associated demineralised bone matrix (DBM, Grafton® A Flex) to the construct ion. Here we describe the technical details of major acetabular reconstruction using the Kerboull acetabular reinforcement device with allograft bone and DBM. This device has a hook that must be placed under the teardrop of the acetabulum and a plate for iliac fixation. The main advantages of this device are help in restoring the normal centre of hip rotation, guiding the reconstruction and partially unloading the graft. The Kerboull acetabular reinforcement device has provided a 92% survival rate free of loosening at 13-year follow-up in a consecutive series of 60 type III and IV deficiencies. Our preliminary results using DBM indicate faster allograft consolidation and remodelling.
Introduction
Revision acetabular reconstructions represent a great challenge to orthopaedic surgeons, particularly in patients with severe segmental and combined pelvic deficiencies. In general, a porous-coated, noncemented cup with at least 50% host bone coverage or standard cemented implants in case of cavitary defects is required [1] [2] [3] [4] . Deficiencies are filled with allograft, either structural or particulate. However, deficiencies requiring >50% coverage of the socket by allograft should be supported by a metal ring or cage with a cemented cup [4] . This protects the graft from mechanical overload during its revascularisation phase. The majority of these deficiencies fall into types III and IV defects as defined by the American Academy of Orthopaedic Surgeons (AAOS) classification system [5] . The most commonly used metal rings are the Muller acetabular ring and Burch-Schneider antiprotrusio cage [6] . Another design is the ring hook cages first introduced by Kerboull [7] and later adapted to the Muller ring by Koch et al. [8] . The techniques to insert these devices are variable in terms of optimal position and allograft use. More specifically, little emphasis has been placed on restoring normal hip anatomy, with the majority of the surgical technique focusing on placing the cage on intact host bone [9] . In addition, some recent publications have described device or screw fixation failures, indicating incomplete incorporation of the allograft to the host bone and micromotion [10] [11] [12] [13] [14] [15] . Demineralised bone matrix (DBM), first described by Urist et al. [16] , is obtained after mineral content extraction of bone through acid treatment. However, a wide range of types and modes of preparation of bone and carriers associated to the DBM for delivery are commercially available. Among the available formulations, enhanced osteoinduction associated with the use of a glycerol-based carrier, combined with the improved osteoconductive characteristics of fibre-based DBM [17] [18] [19] [20] [21] [22] , has the strongest clinical support (Grafton® DBM, Osteotech Inc., Eatontown, NJ, USA). This paper provides a detailed description of the surgical technique for acetabular reconstruction using allograft bone and DBM with the Kerboull acetabular device that is based on restoration of a normal hip centre and acetabular bone stock. Preliminary results are also provided.
Surgical technique
All revisions are performed through a lateral approach with a trochanteric osteotomy in order to obtain an optimal view of the acetabular cavity. During the revision, multiple samples are taken for frozen section and culture to assess the aseptic character of the failure. A wide exposure of the acetabular cavity is necessary to completely remove the loosened socket and the cement fragments, if present. After excision of the fibrous membrane adherent to the socket and the granulation tissue filling the defects, the acetabular cavity is washed with pulsatile lavage. Reaming of this cavity is not performed because of the fragility of the acetabular walls related to the loss of bone stock. The severity of bone loss is then assessed, and in case of major bone deficiency, the final decision to reconstruct using allograft, Grafton A Flex® and the Kerboull acetabular device is made. These allografts consist of femoral heads retrieved during total hip arthroplasties performed for primary osteoarthritis. They are conditioned in a sterile environment and stored at −80°C. None of these bone grafts is irradiated. Preparation of the grafts is performed with the use of an oscillating saw to remove the remaining cartilage and soft tissues. The grafts are finally cut into fragments of variable size and shape according to the type of defect being dealt with. The DBM used is a form specifically designed for acetabular grafting. In summary, cortical long-bone shafts were frozen at −70°C after treatment for lipid, blood and cellular matrix removal. Bone was then milled into elongated fibres that were decalcified in 0.6 N hydrochloric acid (HCl), rinsed in sterile water and soaked in ethanol. Fibres were combined with the carrier and wet-laid into a nonwoven flexible sheet, which can be created in preformed shapes. In the application described here, a flexible disc 6 cm in diameter with a split (Grafton DBM A-Flex®) was used, which allows the disc to be manually formed into a slightly conical or hemispherical shape to conform to any size of acetabular cavity.
The Kerboull acetabular device
The Kerboull acetabular reinforcement device consists of a four-branched hemispherical cross made of 316-L stainless steel, which aims to guide and reinforce the bony reconstruction of the acetabular cavity. Its shape results from the orthogonal crossing of two hemispherical plates. The vertical plate ends distally with a hook that must be inserted under the teardrop component and proximally with a plate perforated by four holes for iliac screw fixation above the acetabulum. The horizontal plate is asymmetrical, with an anterior branch shorter than the posterior, determining 10°of anteversion of the opening plane of the device. A left and a right series of the device are available in six sizes in which sockets 37-53 mm of outside diameter can be cemented. The size of the acetabular device to be implanted is guided by the opposite normal hip. In case of bilateral hip replacement, patient morphology and cavity size in its lower half must be used as a guide. The aim of the reconstruction guided by the acetabular device is to restore an acetabular cavity of normal size, in an anatomically correct position, and with mechanical properties near enough to a normal acetabulum. The following steps for acetabular reconstruction have been standardised.
Trial of the acetabular device
After removing the fibrous tissue surrounding the inferior margin of the acetabulum, the hook of the acetabular device is placed under it, in its posterior portion, near the ischium. Then, the acetabular device is tilted 40-45°. This procedure should not tend to eject the hook from the inferior margin of the acetabulum. If it does, three hypotheses are to be explored: (a) The size of the acetabular device is too large; a smaller size has to be tried. (b) The inferior margin of the acetabulum is damaged; it has to be reconstructed by an allograft fragment shaped to fit the defect. (c) The inferior branch comes into contact with an acetabular bone fragment, which has to be progressively removed until the hook remains in place under the inferior margin of the acetabulum.
At this stage, the vertical branch of the device should be located in a strictly frontal plane. In case of bone loss from the acetabular roof, the plate stands distant from bone. The acetabular device should not be abducted more than 45°in order to bring the plate in contact with bone, as it would tend to eject the inferior hook. Neither should the device be opened nor the plate bent in order to adapt them to the bone loss. On the contrary, the acetabular device is used as a guide to evaluate the size and location of the acetabular defects as well as the size and shape of the allograft fragments needed to achieve the reconstruction. At this stage, we recommend performing an anteroposterior (AP) radiograph of the hip to check the correct position of the plate and hook. Once this assessment is performed, the trial acetabular device is removed.
Placement of the Grafton A Flex
Before starting the reconstruction with allograft bone, after complete cleaning of the acetabular cavity and removal of fibrous tissues, the Grafton DBM A Flex is placed in direct contact with the host bone (Fig. 1) . As it is available only in one size, any material hanging out of the acetabular cavity, such as in cases of a small acetabulum, may be trimmed away and either used as a bone graft at another stage of the surgery or discarded. Whereas in the case of a large cavity, the material should be placed at a location where maximum surface area of the material will lie in direct contact with the allograft fragments that will be placed at the next stages.
Reconstruction of the roof (superior rim and dome)
Bone-loss reconstruction usually starts with acetabular roof restoration unless there is massive destruction of the medial wall. This superior bone defect is reconstructed, when possible, by a single allograft fragment meticulously shaped from a femoral-head allograft in order to resist compression stresses in the load-bearing area. The superior portion of the graft, made of cancellous bone, is shaped to a convex form to fit the bony outlines of the damaged roof. Its inferior cancellous side is made concave to fit the convexity of the acetabular device. The plate of the device is placed against the lateral side of the allograft made of sclerotic subchondral bone. Its surface is not reduced before testing the trial device to avoid obtaining a graft of insufficient thickness. Several trials are sometimes necessary to achieve perfect adaptation of the graft to the host bone and to the acetabular device. This graft fragment is eventually directly fixed to the host bone with a 5-mm screw if it cannot be press-fitted in the remaining host bone. In case of minor destruction of the roof, a graft is shaped to increase the depth of the cavity and offer the plate a stable support in the right position. In case of minimal acetabular defect, simply by enlarging the cavity without altering its rims, the acetabular device can be directly fixed to the iliac host bone.
Reconstruction of the medial wall
In case of isolated bone loss of the acetabular floor, a thick equatorial slice cut from a femoral head is generally sufficient to fill the defect. The graft is shaped to the size of the defect, and its outside pelvic side is made concave to fit the convexity of the acetabular device. The femoral-head slice has to be ten to 15-mm thick to remain five to seven mm thick after its preparation. If the inferior margin of the acetabulum is damaged, it must be reconstructed in order to fix the hook of the acetabular device. In this case, bone loss usually extends to the medial wall and has a triangular shape. The restoration of the inferior margin is performed with a graft fragment of identical size and shape to the bone defect and of sufficient thickness to be fixed into the hook of the acetabular device. If bone loss concerns only the inferior margin of the acetabulum, a graft fragment of rectangular beam shape is used. If the extension of the bone defect from the acetabular inferior margin affects a wide portion of the acetabular floor, a single femoral-head allograft slice is used to perform the reconstruction to improve its stability. This single-fragment reconstruction of the medial wall is preferred to using multiple fragments, in which stability remains poor even if supported by the acetabular device. Finally, if several fragments are to be used, they can be fixed with a wire to the inferior branch of the device.
Fixation of the acetabular device
Once reconstruction of the superior and medial walls is achieved, the acetabular device is placed back in position. Its correct position is checked and its stability tested. The plate then is fixed to the iliac host bone with 5-mm screws. The fixation starts with the inferior hole of the plate. The screw direction is oblique, towards the sacroiliac joint. Before screwing it completely, another screw is inserted to 3/4 of its length into the anterior hole to stabilise the acetabular device. Then, both screws are screwed tight. These screws generally penetrate the grafted roof. Complete tightening of the inferior screw brings the acetabular device into tension, which is demonstrated by the locking of the hook under the inferior margin of the acetabulum (Fig. 2) . If this procedure tends to remove the hook from the inferior margin of the acetabulum, the thickness of the superior graft is insufficient. A slice of allograft must then to be placed under the plate of the device, and the tightening of the screws must be performed until the acetabular device loses its elasticity.
Reconstruction of the anterior and posterior walls
Reconstruction of the anterior and posterior walls is performed using allograft fragments shaped into form and impacted between the residual walls and the horizontal branches of the acetabular device. These fragments can be directly fixed to the acetabular device by wires or screws if their stability is judged insufficient. A posterior bone defect, located at the superior portion of the posterior wall, is frequently present; it must be reconstructed by an adequate allograft fragment directly fixed to the iliac host bone. Finally, the reconstruction is completed by morsellised cancellous bone packed into the cavitary defects of the pubis and ischium and into the gaps between the different allograft fragments in order to avoid any cement leak.
Cementing the acetabular component
The reconstructed and reinforced acetabular cavity is then washed with pulsatile lavage. Stability of the allograft fragments is checked, correct adaptation and orientation of the trial socket is confirmed and the acetabular component is ultimately cemented (Fig. 3) .
Postoperative treatment
Postoperative treatment includes anticoagulation therapy, systemic antibiotics and indomethacin to prevent heterotopic ossification. Passive motion exercises of the revised joint are started immediately. Patients are free to ambulate with two crutches after three days. Full weight bearing is usually allowed after the sixth postoperative week.
Discussion
There is clinical and biomechanical evidence that joint reaction forces increase with superior and lateral placement of the hip centre [23] [24] [25] . In their classic article, Johnston et al. [24] demonstrated that inferior and medial placement of the hip centre resulted in a maximum reduction of joint reaction force and moment generating muscle requirements. Delp et al. [23] showed, with a 3D computer model, that increasing the hip centre by 2 cm in the superior and lateral direction decreases abductor moment arms by 28%. However, increasing the hip centre in the superior direction alone, along with prosthetic neck-length compensation, had little effect on moment arms. Joint reaction forces similarly increase with superior and lateral hip-centre placement >25 mm, as shown in an Fig. 3 After complete reconstruction of the deficient acetabulum that has become completely contained, an all-polyethylene socket is cemented in the usual postion Fig. 2 The device is fixed with two to three bicortical 5-mm outerdiameter screws directed towards the sacroiliac joint without reaching it, and 10°posteriorly experimental model by Doehring et al. [26] . These authors demonstrated that with a 25-mm displacement of the hip centre, the joint reaction force increase 29% (approximately 7.5-8.0 times body weight) and up to 37% with a placement of 37 mm. This is compared with a joint reaction force of 1.5-2.0 times body weight at the normal hip centre. There was no increase in joint reaction force with superior hip placement alone. Vertical placement of the acetabulum has been shown to produce higher polyethylene wear rates [27, 28] . These factors may influence the rate of mechanical failure in metallic reinforcement devices.
Udomkiat et al. [29] reported clinical and radiographic short-term results of three different metallic reconstruction devices (Burch-Sneider, Ganz, and Mueller) for mostly type II and III defects. The overall mechanical failure rate, at average 4.6 years, was 17%. The Burch-Sneider cage had less favourable biomechanical characteristics than the other devices: abduction angles of 70.7 ± 12.6 and elevated hip centres of 16.6 ± 12.5 mm. Hip-centre lateralisation was not documented, which could show an even more unfavourable biomechanical environment. The Ganz ring, with an inferior hook, had abduction angles of 61.9 ± 10.5 and elevated hip centres of 12.6 ± 15.2 mm. No statistical analysis was documented on these parameters; however, there was no difference in the mechanical failure rate between the three devices. The authors' conclusions were that structural allograft, in contrast to particulate allograft, should be used in the superior portion of the acetabulum to prevent early failure. However, there was no consideration of the unfavourable biomechanical environment around the graft itself most likely contributing to early failure. In general, the surgical technique, particularly with the BurchSchneider cage, focused on stabilising the implant on host bone. This would lead, particularly with large deficiencies, to superior and lateral hip-centre placement, which would explain a higher mechanical failure rate.
In contrast, Kerboull et al. [30] reported ten year followup data on types III and IV deficiencies, with 92.1 ± 5% survivorship. The biomechanical parameters were more favourable with a device abduction angle of 38.7 ± 7.6°. This device and the surgical technique focus on normal hip-centre orientation using an inferior crimping hook. The modified technique proposed in our paper is based upon a specifically designed form of DBM for acetabular reconstruction. At this stage, we have performed nine cases of type III deficiencies using this technique. No complication related to the use of DBM occurred up to one year of follow-up, and the specific form was easy to handle and place in this acetabular cavity. We regularly observed graft incorporation by three months as indicated by the disappearance of the radiolucent line at the grafthost interface. Remodelling activity was seen as early as six month follow-up, compared with one to two years in the absence of DBM. Based upon these preliminary results, it appears that fibre-based DBM could enhance allograft bone incorporation and remodelling in major acetabular reconstruction (Fig. 4) . If these observations are borne out in the longer term, they could prove important to long-term stability of the reconstruction. Continued follow-up of these patients is ongoing.
